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Abstract

Purpose This review aimed to provide an overview on
findings from metabolic imaging modalities such as bone
scintigraphy and positron emission tomography—computed
tomography (PET/CT) in musculoskeletal lesions. It is
conceivable that methods assessing metabolism of bone
tumors, combined with the morphological assessment,
could enhance the possibility for a personalized therapy
with particular emphasis to malignant neoplasms.

Recent Findings The assessment of bone tumors by con-
ventional scintigaphic and morphological imaging has been
recently integrated with the morpho-metabolic appraisal
obtained by PET/CT systems. Increasing availability of this
diagnostic modality has been shown to stratify properly the
patients and the findings correlate well with outcome.
Moreover, new tracers are being implemented in the study
of musculoskeletal lesions by PET/CT while the new vol-
umetric parameters used to identify the lesions hold great
promise.

Summary Results from PET/CT are associated with tumor
grading and histopathology in bone malignant lesions and
they could be of value for implementing treatment strategy.
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Additionally, the metabolic assessment has been demon-
strated useful for predicting surgical response and patients’
outcome.
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Introduction

The assessment of disorders affecting skeleton and muscles
relies mainly on morphological imaging. In fact, anatomic
imaging procedures including ultrasound, conventional
radiography, computed tomography (CT), and magnetic
resonance (MR) are commonly used to evaluate malignant
tumors, benign neoplasms, and tumor-like lesions for
diagnosis, staging, and response to therapy [1, 2]. The
morphological evaluation has been considered for a long
time the standard for detecting the presence, the size of
lesions and therapy response since anticancer cytotoxic
agents and surgery make reason of their antitumor activity
by determining tumor shrinkage. Surgery and anti-inflam-
matory regimens perform similarly for the benign tumors.
Nevertheless, it is critical to identify reliable diagnostic
modalities to follow the size of tumor or benign lesions
over time and to determine the degree of response.

In this context, metabolic imaging procedures may
provide an added value both in musculoskeletal cancer and
non-neoplastic lesions giving reason of diseases’ patho-
physiology thus tailoring the therapy better. Bone scan
(BS) and PET/CT constitute historical and newly intro-
duced imaging modalities for the study of musculoskeletal
diseases, respectively. After the introduction of readily
available Tc-99m, bone scintigraphy quickly became one
of the most common nuclear medicine procedures
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performed to detect skeletal involvement or extra-osseous
uptake at least [3]. In particular, the Tc-99m methylene
diphosphonate, which demonstrated faster blood-pool
clearance than most other Tc-99m labeled diphosphonates,
was accepted as the standard agent for skeletal scintigraphy
[3, 4]. Based on the advantageous skeletal kinetics of 18F-
fluoride, Phelps et al. [5, 6] used 18F-fluoride PET as a
model for the evolution of skeletal whole-body PET [7, 8].
PET/CT technology has exhibited higher spatial resolution
and substantially greater sensitivity than conventional
gamma cameras, resulting in higher image quality for
skeletal PET than for the planar bone scintigraphy or
SPECT [9, 10]. The increasing availability of PET/CT
systems has renewed the interest in using 18F-labeled-NaF
as a radiotracer for skeletal imaging since previous tech-
nical and logistical limits to its daily usage for bone
imaging are no longer present.

Apart from the abovementioned osteotropic tracers,
18F-fluorodeoxyglucose positron emission tomography
([18F]FDG PET/CT) has been established as a suitable tool
in tumor assessment and response evaluation of patients
suffering from solid tumors who have undergone chemo-
and radiotherapy because [18F]FDG reflects the rate of
glucose utilization in a tissue (Table 1). It has shown the
some value in benign lesions as well [11, 12].

Several studies have demonstrated that treatment-in-
duced changes in lesion [18F]FDG avidity and enduring
[18F]FDG uptake after completion of therapies correlated
well with patient outcome [13, 14]. Interestingly, as
recently observed in hematological diseases, there is
emerging evidence that in responding solid neoplasms
[18F]FDG uptake decreases significantly in the course of
the first chemotherapy cycle, only a few weeks after the
beginning of treatment. Although benign musculoskeletal
tumors show generally mild uptake as compared to
malignancy, their behavior is similar after treatment. On
the other hand, when minimal changes in lesion [18F]FDG
uptake occur during the early assessment, then a poor
patient outcome has to be expected. The abovementioned
clinical data support the idea that [I8F]FDG PET may be a
valuable method to identify responders and non-responders
early in the course of therapy and to redirect therapeutic
strategies on an individual basis. However, this technique
is not yet available for all institutions and several issues
should be still addressed such as the most favorable timing
in performing metabolic scans, the influence of inflam-
matory reactions and induced necrosis on image interpre-
tation and the implementation of new radiopharmaceuticals
appropriate for molecular imaging.

In a comprehensive morpho-functional approach, a key
question is whether it is appropriate to move from anatomic
assessment of malignant and benign lesions to volumetric
functional assessment with PET or MRI. This review
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highlights the added value of metabolic imaging for the
evaluation of patho-physiology of various musculoskeletal
lesions as a valuable supplement to the traditional imaging
assessment based only on tumor morphology.

Malignant Bone Tumors
Osteosarcoma

Apart from plasmacytoma, osteosarcoma is the most fre-
quent primary pediatric bone malignancy, with an inci-
dence of approximately 4.8 per million per year that peaks
in adolescence [15]. The tumor causes osteolysis with
cortical erosion and is associated with a mass in the soft
tissues. Macroscopically, osteosarcoma appears as a white—
gray mass. Microscopically, bone cells proliferation
replace bone marrow forming cartilage, immature bone,
and malignant osteoid tissue. This tumor commonly occurs
in the distal end of the femur and the proximal ends of the
tibia and humerus, and less frequently in the pelvis [16].
Distant metastases frequently arise in the lung parenchyma
and bone. Pain may result from stretching of the perios-
teum, as well as bone destruction and pathologic fracture.
Comprehensive imaging, including metabolic imaging, is
often helpful at the time of diagnosis and any relapse in
order to fully evaluate the extent of disease for appropriate
staging, risk stratification and subsequent risk-directed
therapy [17]. With dynamic and whole-body Tc-99m-MDP
bone scan, lesions show intense vascularity and high con-
centration in early and blood-pool images, respectively. In
the delayed phase, the tracer accumulation is more focal
and intense, typically with considerable bony distortion
(Fig. 1). Within the area of increased uptake, areas of
decreased accumulation (photopenia) may be seen. Nev-
ertheless, in some patients, the accumulation is more
defined, uniform, strikingly increased and reflects the
findings of the vascular phase. Bone scan can monitor
distant recurrence and may demonstrate reduction in the
tracer avidity of the tumor after adjuvant chemotherapy, as
well as tumor shrinkage. However, its overall accuracy for
monitoring therapy is less than MRI [18] and [18F]FDG
PET/CT in tumor staging and therapy assessment [19].
18F-FDG-PET/CT may be mainly useful in the identifi-
cation of skeletal metastases, given that it has improved
sensitivity and specificity as compared to bone scintigraphy
[20]. Maximal standardized uptake (SUV..) has been
demonstrated to correlate with histological grade making
able [18F]FDG PET/CT to differentiate between low and
high grade osteosarcoma [21]. Several studies, suggest that
changes in the SUV . value can predict histo-pathologic
response following neoadjuvant chemotherapy as well as
overall survival [22, 23¢]. In fact, high SUV ., predicts a
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Table 1 Summary of recent studies about the potential role of 18F-FDG-PET/CT in musculoskeletal tumors

Study Year Neoplasm Output
Hurley et al. 2016 Osteosarcoma Better sensitivity and accuracy than bone scintigraphy in the identification of skeletal
metastases
Kubo et al. 2016 Osteosarcoma SUViax values predict the histo-pathologic response and survival after neoadjuvant
chemotherapy
Kasalak et al. 2017 Ewings’ sarcoma Better bone marrow assessment than biopsy used routinely in metastatic disease
Hwang et al. 2016 Ewings’ sarcoma SUVmax values predict overall survival
Jesus-Garcia 2016 Chondrosarcoma SUVpax value correlates with the grade
et al.
Park et al. 2016 Osteoclastoma (giant cell Prediction of aggressiveness when the solid component prevails
tumor)
Boye et al. 2017 Osteoclastoma (giant cell Assessment of early response to treatment with denosumab
tumor)
Dong et al. 2017 Rhabdomyosarcoma A more confident tool for assigning correctly the M stage
Yamamoto 2014 Liposarcoma Prognostic value when used prior to therapy
et al.

SUV 4 standardized uptake value

Fig. 1 Bone scintigraphy in osteogenic sarcoma of the distal end of
the left femur. The delayed, metabolic images shows intense tracer
accumulation that is beginning to affect the surrounding bone

significantly shorter overall survival period than low
SUV,ax- Moreover, [18FIFDG PET/CT had shown high
diagnostic accuracy for the detection of recurrences in the
follow-up of patients, being it more accurate than con-
ventional imaging [24] and useful for identifying patients
who are more likely to be chemotherapy resistant [25].

Ewing’s sarcoma

The Ewing’s sarcoma is the most aggressive osteogenic
pediatric tumor [26]. The overall incidence is 2.93 cases/
1000,000 reported annually. This sarcoma has the highest
incidence between 5 and 15 years and the proportion of
patients with initial distant metastasis remains in the 26 to
28% range. 30-40% of patients will develop local and/or
distant recurrent disease typically between 2 and 10 years
after the initial diagnosis [27]. The Ewing’s sarcoma pro-
duces multiple, small, and non-confluent areas of osteolysis
whereas the bone structure is completely deleted in the
advanced stages. Typically the periosteum reacts in the form
of “sheets of onion” and bone spiculae. The invasion of
adjacent soft tissues is constant. Macroscopically it appears
as a soft white-brown tissue with some hemorrhage. Lym-
phatic-like cells having a clear cytoplasm are typically
aggregated in the so called Homer-Wright rosettes. The
tumor takes place in the diaphysis of limbs and in pelvis,
frequently in the sacrum. Fever, anemia, leukocytosis, and
slimming are present at the clinical onset. The survival of
patients is related to the presence of initial metastatic disease
(lung or bone marrow), tumor size and to the histologic
response after chemotherapy [28]. As a result, a wide-rang-
ing workup is crucial to define the tumor stage including the
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lymph node involvement. At dynamic and whole-body Tc-
99m-MDP bone scan the Ewing’s sarcoma shows consid-
erable hyperemia and high tracer concentration in the blood-
pool phase. In the metabolic later images the tracer accu-
mulation is intense but the distribution of uptake is much
more homogeneous than osteosarcoma with the bone dis-
tortion less marked. Bone scan may show a dramatic
reduction in tumor avidity after therapy, in particular it has
been demonstrated that changes in the earlier phases of bone
scan correlate well with tumor regression. On the other hand,
a persistent uptake at ad-interim assessment evokes a poor
response. [18F]FDG PET/CT constitutes a valuable method
for the staging and follow-up of Ewing’s sarcoma [29] and it
appears to be of value for the metastatic bone marrow
assessment in newly diagnosed Ewing sarcoma. Accord-
ingly, the routine use of blind bone marrow biopsy of the
posterior iliac crest can be reconsidered when the FDG-PET/
CTisavailable [30°]. FDG-PET/CT also provides prognostic
information irrespective of established prognostic factors in
patients with Ewing sarcoma such as age, size, and initial
tumor location. SUV,,., measured by pretreatment
[18F]FDG PET/CT can independently predict overall sur-
vival in patients with Ewing sarcoma as patients with a
SUVhax < 5.8 survived significantly longer than those with
aSUV .x > 5.8 [31]. Salem et al. [32] reported that SUV ¢
obtained with [18F]FDG PET/CT before and after induction
chemotherapy can be an indicator of survival in patients with
Ewing sarcoma originating in the skeleton. Mean SUV,,,«
was 10.74 before (SUV1) and after 4.11 (SUV?2) induction
chemotherapy, respectively. High SUVI (HR = 1.05, 95%
CI1.0-1.1,P = 0.01)and SUV2 (HR = 1.2,95% CI 1.0-1.4,
P =0.01) were associated with worse overall survival.
Interestingly, also newly introduced quantitative [18F]FDG
PET/CT parameters, metabolic tumor volume (MTV) and
total lesion glycolysis (TLG) have shown value for predict-
ing patients long-term outcome [33].

Chondrosarcoma

Chondrosarcoma is a collective term for a group of
malignant tumors that produce atypical cartilage matrix
with an infiltrative growth in the bone marrow and cortical
bone tissue. However conventional chondrosarcoma
accounts for nearly 90% of all chondrosarcomas. The
chondrosarcoma can arise de novo or from malignant
degeneration of benign cartilage lesions such as enchon-
dromas. Although rare chondrosarcomas represent the
second most common primary musculoskeletal malig-
nancy, accounting for approximately 20% of all such
tumors. Most patients are 50 years of age or older with a
predominance for males. It causes an undefined osteolytic
area with cortical bone disruption and moderate periosteal
reaction, nevertheless the presence of coarse calcifications
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within the lesion is crucial for a precise diagnosis. Most of
lesion are low-grade tumors, locally aggressive, and non-
metastatic, [18]. Macroscopically it appears as a nodular
bumped mass involving both the trabecular and cortical
bone. Microscopically the hyaline or mixoid aspect is
frequently observed. Chondrosarcoma can be classified
from grade I to grade III depending on cellularity, atypia,
and pleomorphism. The tumor is frequently observed in flat
bones particularly sternum, pelvis bones, ribs, and shoulder
blades. From a clinical point of view, achy pain, pain at
night, nerve dysfunction of the lumbo-sacral plexus or the
sciatic, limitation of joint range and pathologic fracture can
be encountered. On dynamic and whole-body Tc-99m-
MDP bone scan the avidity of tracer is moderately
increased within the tumor with scattered focal areas of
more intense accumulation, and minimal bony distortion.
Even if the bone scintigraphy has the potential for detecting
malignization of the benign bone lesions, the findings
rarely correlate with histological grading which makes this
procedure unconfident when used lone. Accordingly,
[18F]FDG PET/CT has recently gained consideration since
it can be an important test for identifying chondrosarcomas
and their recurrence after surgery [34]. Feldman et al.
found the method to have high sensitivity, specificity, and
accuracy. They studied the applications of PET/CT in the
differential diagnosis between benign and malignant car-
tilaginous neoplasms thus grading the lesions. In fact, the
SUV,ax Was > 3.3 in grade I chondrosarcomas, > 5.4 in
grade Il and > 7.1 in grade III chondrosarcomas, respec-
tively. They concluded that a SUV value > 2.0 indicated a
suspected malignancy [35]. These data were confirmed by
Jesus-Garcia et al. [36°] who reported that PET/CT can be
used as a quantitative method for differentiating between
chondromas and chondrosarcomas located within the long
bones. Other authors [37] evaluated the accuracy of PET—
CT for predicting the response of chondrosarcomas to
treatment and found that the responders showed greater
declines in SUV levels as compared to non-responders.
These authors concluded that [18F]JFDG PET/CT can
accurately detect local relapse or metastatic concern.

Chordoma

Chordomas are uncommon tumors that occur from
embryonic notochordal remnants along the length of the
neuraxis especially at active bone sites.

The chordoma incidence rate was reported to be of 0.08
per 100,000 subjects, was age-dependent, common in
males and unusual among patients aged < 40 years [38].
The lesion appears as a destructive lytic lesion, sometimes
with marginal sclerosis and expansible soft-tissue mass.
The presence of irregular intratumoral calcifications usu-
ally correspond to sequestra of normal bone rather than
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dystrophic calcifications. Chordomas are locally aggres-
sive, but usually do not metastasize. Macroscopically they
appear as a gelatinous mucoid substance associated with
hemorrhage and/or necrosis. Chordoma is a slow-growing
tumor and symptoms are mainly related to the mass effect
on the adjacent structures. The involved sites are the ends
of the neuraxis and the vertebral body as well as skull base.
Bone scintigraphy has not a role in diagnosis and therapy
assessment of chondromas. On the other hand, [18F]FDG
PET/CT may play a role in diagnosis, detection of recur-
rences and choice of treatment option. The tracer uptake
has been reported as mild to moderate, sometime hetero-
geneous, with SUV .., values ranging from 2.0 to 5.8.
[39—41] The hypoxic component in residual chordomas has
been studied by fluoromisonidazole [18F]JFMISO PET/CT,
a tracer of hypoxia, after surgery and before radiation
therapy, in order to tailor the treatment [42].

Osteoclastoma (Giant-Cell Tumor)

The giant-cell tumor, though benign, shows a tendency to
local bone destruction, recurrence, malignant transforma-
tion and occasionally it metastatizes to the lung and lymph
nodes. It represent approximately 5% of all primary bone
tumors and 21% of all benign bone tumors and occurs most
commonly in the third decade of life with a female pre-
dominance [43]. The lesion may appear as an expanding
radiolucent neoplasm eccentrically located at the articular
surface of long bones. Pathological and histological find-
ings are distinctive with large number of osteoclast-like
giant cells in a background of epithelioid cells. The giant
cells appear to originate from the fusion of circulating
monocytes [44]. Fibroblast-like stromal cells are always
present as component of a giant-cell tumor of bone.
Giant-cell tumor occurs at the epiphyses of long bones
but it often expands into the metaphysis and frequently
arises after the closure of the growth plate. The most
common locations are the distal femur, the proximal tibia,
the proximal humerus, and distal radius. Clinical symptoms
are nonspecific and may comprise local pain, swelling, and
limited range of motion of the contiguous joint. At
dynamic and whole-body Tc-99m-MDP bone scan the
lesion may appear as a “doughnut” in the delayed image
and visualized as a ring of increased uptake surrounding an
area of reduced uptake. The initial vascularity is charac-
teristically marked and generalized [45]. Although
[18F]FDG PET/CT has a role in detecting several malig-
nant bone tumors, benign disease processes may be iden-
tified as well. The degree of tracer uptake in a benign giant-
cell tumor may be high so that it can be erroneously
interpreted as a malignant neoplasm. As a result, it should
be always included in the differential diagnosis concerning
an intensely [I8F]FDG -avid neoplasm [46]. [18F]FDG

PET/CT may also reveal a heterogeneous hyper-metabolic
lesion with a moderate uptake when the solid components
of the tumor prevails on the cystic components, if any [47].
In addition, [18F]JFDG PET/CT can be an helpful tool for
the evaluation of early response to treatment with deno-
sumab which is a relatively new treatment option for
patients with giant-cell tumor of bone [48e°].

Malignant Soft Tissues Tumors
Leiomyosarcoma

Leiomyosarcomas are aggressive tumors often difficult to
treat that derive from smooth muscle cells typically of
gastrointestinal, uterine or soft tissue origin. Those deriv-
ing from the soft tissue are thought to occur from the
smooth muscle cells coating the small blood vessels. Soft
tissue leiomyosarcoma typically is found in adults, never-
theless it can be present in childhood. 50% of all cases of
leiomyosarcoma of soft tissue arises in the retroperi-
toneum, when are involved the deep soft tissues of the
extremities they are named leiomyosarcomas of somatic
soft tissue. Leiomyosarcoma of bone is extremely rare and
affects the metaphysis of long bones and it arises from the
smooth muscle cells covering the intraosseous vessels or
from pluripotent mesenchymal cells. [49, 50]. In bone, it
appears as a typically radiolucent lesion in the metaphysis
of a long bone. Leiomyosarcoma of somatic soft tissue has
a number of histo-pathologic subtypes such as epithelioid
leiomyosarcoma, inflammatory leiomyosarcoma, myxoid
leiomyosarcoma, and granular cell leiomyosarcoma.
Symptoms can include weight loss, nausea or vomiting.
Leiomyosarcoma of somatic soft tissues, like other soft
tissue sarcomas, often is discovered as an enlarging,
painless mass. Generally they do not exhibit signs or
symptoms of vascular compression while leiomyosarcomas
arising from a major blood vessel may cause symptoms of
vascular compromise or leg edema and neurologic symp-
toms. [18F]JFDG PET/CT holds some value for biopsy
guidance, therapy assessment, and prognostication during
the initial staging of soft-tissue sarcomas although its
utility needs to be completely defined, [51] (Fig. 2). Defi-
nitely, 98% of primary adult soft-tissue sarcomas are FDG-
avid and in leiomyosarcoma the SUV,,,, correlates with
tumor dimension and tumor grade predicting tumor
behavior and almost certainly patient outcome [52].

Rhabdomyosarcoma
Rhabdomyosarcoma is a mesenchymal tumor derived from

neoplastic primitive precursor cells. It is a rare soft tissue
tumor that can occur at any age, with approximately 500
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new cases diagnosed per year in the United States; 41% of
cases are reported in adults and 59% in children [53]. Soft
tissue sarcomas represent 10% of all childhood malignan-
cies 50% of which are rhabdomyosarcoma. This neoplasm
has been recently classified in four subtypes with different
histological, genetic, and clinical characteristics: embry-
onal, pleomorphic, spindle cell/sclerosing, and alveolar
[54]. The tumor may arise nearly anywhere in the body but
it takes place frequently in the head and neck region. When
the tumor is found in the neck, the first sign can be a lump
or swelling sometimes associated with pain and redness.
Rhabdomyosarcoma can cause the eye to bulge out and can
affect the vision as well, or it may provoke earache,
headache, or sinus congestion. [18F]JFDG PET/CT has
been demonstrated helpful for confirming suspicious find-
ings on Tc-99m-MDP bone scan in patients complying
with rthabdomyosarcoma diffusely metastatic to the bone
marrow [55] and to be more accurate than conventional
imaging in the clinical staging and re-staging of patients.
The diagnostic accuracies of the T and N stages were
similar, whereas [18F]FDG PET/CT correctly assigned the
M stage in 89% of patients as compared to 63% of the other
modalities [56, 57¢]. In addition, [18F]JFDG PET/CT has
been shown useful in staging and re-staging pediatric
rhabdomyosarcoma, especially for the appraisal of lymph
nodes and bone involvement, and for detecting unknown
primary sites [58]. This methodology could be an addi-
tional predictor of outcome and could be used to improve
risk-adapted therapy. Baum et al. reported a significantly
shorter overall survival in primary tumors visually rated as

Fig. 2 [18F]FDG PET/CT in a
patient complying with
leiomyosarcoma of somatic soft
tissues of the right foot before
(upper) and after (lower)
surgical intervention. Note the
complete resolution of tracer
uptake

highly metabolically active or with a ratio of SUV 1) to
SUV of the liver above 4.6. Besides, metabolically active
lymph node and the presence of metastatic distant sites
were indicative of significantly lower survival rates [59].

Liposarcoma

Liposarcoma is a malignancy of fat cells and it is the most
common soft tissue sarcoma in adults with a annual inci-
dence of 2.5 cases per million. It accounts for less than
20% of all soft tissue sarcomas. The mean patient age at
presentation is 50 years being rare in children. It appears as
a large neoplasm, well circumscribed but not encapsulated
and can mimic myxoma, lipoma, and cerebral convolu-
tions. Liposarcoma has been classified in three main bio-
logic forms: well-differentiated, myxoid and/or round cell,
and pleomorphic. Exceptionally, lesions can exhibit a
combination of the different morphologic types. Well-dif-
ferentiated liposarcoma generally affects deep soft tissues
of both the limbs and the retroperitoneum. Myxoid and/or
round-cell liposarcomas and pleomorphic liposarcomas
have a predilection for the limbs. Rarely it involves the
subcutis and skin. Lipoblasts are relatively specific of this
neoplasm, look like fetal fat cells and are fairly smaller
than mature adipocytes. In general, liposarcoma grows
silently and the patient may comply with painful swelling,
decreased function, and numbness. [18F]JFDG PET/CT has
been used for assessing liposarcoma and it has been
demonstrated to detect a typical biphasic signal pattern
composed of well-differentiated liposarcoma and
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dedifferentiated area, that were consistent with the histo-
logical grade of malignancy. The uptake value appears to
be correlated with tumor grade since well-differentiated
and myxoid liposarcomas show mild-moderate uptake
whilst high grade neoplasms present a strongly increased
uptake [60-62]. [18F]JFDG PET/CT has higher sensitivity
in detecting osteoblastic metastases in pleomorphic
liposarcoma than bone scintigraphy using (99m)TC MDP
[63] and it holds value when used prior of therapy pro-
viding critical information for the appropriate treatment
[64]. Moreover, a SUV,,,, of more than 3.6 resulted in a
significantly decreased disease-free survival and stratified
patients at high risk for developing early local recurrences
or metastatic disease [65].

Benign Tumors
Osteoid Osteoma

Osteoid osteoma is a benign osteoblastic tumor consisting
of osteoid component and immature reticular bone tissue. It
represents approximately 10% of benign bone tumours, and
mostly affects males in the second and third decade [66].
The osteoid osteoma is characterized by a well demarcated
subperiosteal osteoid nidus, usually less than 1 cm in
diameter and by a surrounding zone of reactive bone for-
mation that can simulate osteomyelitis [67]. Almost 50% of
cases affect the metaphysis or proximal diaphysis of the
femur, tibia, and omerus [68]. Usually it provokes a severe
localized pain worsening at night which is characteristi-
cally responsive to prostaglandin inhibitors such as aspirin
[69].

Bone scintigraphy is strongly recommended in this
context due to its outstanding sensitivity for detecting the
presence of osteoid osteoma. In fact, a negative scan vir-
tually excludes the diagnosis whereas an intense focus of
uptake within the area of abnormal osteoblastic activity
corresponds to the typical osteoma nidus [70]. The valuable
role of bone scan is not merely limited to the diagnosis
being it frequently needful during the follow-up where a
persistent intense uptake correlates with an incomplete
excision [71]. [18F-FDG] PET/CT constitutes a comple-
mentary, highly sensitive morpho-functional tool that can
be used for diagnosis and post-therapeutic evaluation of
patients with osteoid osteoma, particularly after the per-
cutaneous radiofrequency ablation [72]. Although it gen-
erally exhibit a mild uptake on PET/CT, the osteoid
osteoma may show high FDG avidity similar to other
malignancies [23¢], consequently, a change in FDG uptake
can be a consistent indicator of the efficacy after surgery.

Osteblastoma

Osteoblastoma is a rare bone neoplasm closely related to
osteoid osteoma, locally aggressive with tendency to
involve soft tissues and to transform itself in sarcoma. It is
a bone-forming lesion that may affect the cortex, medullary
canal, or the periosteal tissues. Osteoblastoma accounts for
approximately 1% of all primary bone tumors. in the lar-
gest series studied the mean age at presentation was
20.4 years, ranging from 6 months to 75 years [73]. It
appears as an ostelytic eccentric area generally covered by
periosteum with only a thin rim of bone reaction. The
osteoblastoma is composed of several osteoblasts that
produce osteoid and woven bone. It commonly involves the
vertebral column because approximately 30% of these
lesions arise in the spine. Common locations (30%) are also
the long bones of the appendicular skeleton while more
rarely it involves the pelvic bones, the small bones of the
hands and feet, the skull/facial bones, the clavicle, the
scapula, and the ribs [74]. The tumor may have a indolent
course however the primary symptom is pain, if any. The
pain due to osteoblastoma, differently from osteoid
osteoma, is not relieved by salicylates. When these tumors
develop in the spine, patients may present with neurologic
symptoms due to nerve root compression.

Apart from the larger lesion’s diameter in osteoblas-
toma, the role of bone scintigraphy in diagnosis and in
response to the therapy is similar to that of osteoid osteoma
(Fig. 3). However, the implementation of SPET/CT (to-
mography) allows a more precise localization of the lesion
[75].

As reported by Jeong et al. [76] [18F]JFDG PET/CT
findings correlate well with bone scintigrapy in the
osteoblastoma staging and assessment after surgery. On the
other hand, only few studies have demonstrated an exclu-
sive evaluation of osteoblastoma by [18F]FDG PET/CT
[77].

Osteochondroma (Osteo-Cartilaginous Exostosis)

Osteochondroma, also called osteo-cartilaginous exostosis
or cartilage-capped exostosis, is the most common benign
bone tumor. It represents a cartilage-capped bony projec-
tion on the external surface of a bone being it solitary or
multiple [78]. Osteochondroma accounts for approximately
35% of benign bone tumors and 9% of all bone tumors,
with a marked predilection for males and patients younger
than 20 years whose epiphiseal cartilages have not yet been
consolidated. This cartilage-capped exostosis occurs by
means of endochondral ossification during the skeleton
development. Macroscopically, it may have a stalk or a
broad base of attachment being known as pedunculated and
sessile, respectively [79]. Osteochondroma can occur in
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Fig. 3 Bone scintigraphy in
osteoblastoma of the tibia. The
delayed, metabolic images
shows intense focal, well
delineated tracer accumulation

any bone site, however it usually affects distal metaphisis
of femur and proximal metaphisis of omerus with an
asymptomatic course or mild pain. Frequently it is an
incidental finding and it is not treated when asymptomatic.

Osteochondroma is a benign chondrogenic tumor, as a
result the bone scintigraphy generally shows only a low or
absent tracer uptake (Fig. 4). In this context, Kobayashi
et al. [80] reported that Technetium-99m DMSA scintig-
raphy can be superior to Tc-99m HMDP scintigraphy for
detecting benign chondrogenic tumors. Even if rarely, the
transformation of chondrogenic tumors in chondrosarcoma
can be detected [81].

Osteochondroma is only incidentally detected on PET/
CT studies, generally shows any or faint FDG uptake well
correlating with the metabolic stability of this benign tumor
[14, 82].

Enchondroma

Enchondroma constitutes the second common benign bone
tumor in young patients without any significant gender bias
[83]. It appears as an osteolytic area containing rings of
chondroid calcifications with well-defined margins. Most
commonly this disorder affects tubular bones, such as
metacarpi and phalanxes of hands and feet, in asymp-
tomatic modality. In case of multiple growth plates it is
classified as enchondromatosis, (see the Ollier disease and
Maffucci syndrome) [84]. On technetium-99m bone scan
the images of enchondroma are mostly negative except for

Fig. 4 Bone scintigraphy in
osteochondroma (osteo-
cartilaginous exostosis) of the
femur. Note the well delineated,
moderate tracer uptake

@ Springer

the presence of pathologic fractures that imply intense
uptake [85]. Generally, if the bone scan results are negative
the possibility of a malignancy is extremely remote
whereas biopsy is recommended in case of positive find-
ings. The [I8F]JFDG PET/CT for the evaluation of
aggressive cartilage lesions has been reported in small
series [40] due to the low uptake of these tumors. In theses
settings, as already mentioned, Jesus-Garcia et al. reported
a SUV ..« range from 2.0 to 2.2 with the aim to distinguish
enchondroma from other malignancies [41].

Langherans Cell Histiocytosis

Langerhans cell histiocytosis (LCH) is a group of idio-
pathic disorders characterized by the proliferation of bone
marrow—derived Langerhans cells which abnormally
accumulate in the involved regions [86]. The LCH esti-
mated annual incidence ranges from 0.5 to 5.4 cases per
million persons per year with a male-to-female ratio of 2:1
[87]. LCH encompasses a heterogeneous spectrum of
lesions, ranging from a single bone lesion to multi-system
involvement. A bone biopsy is often required for the
diagnosis in order to rule out other types of diseases, such
as metastatic carcinoma, lymphoma/myeloma,

osteomyelitis, osteoblastoma, aneurysmal bone cyst and
Ewing’s sarcoma. In adults with LCH confirmed by biopsy,
a chest CT is also needful for detecting the extent of the
disease being the lung the most common site of extra-
osseous involvement [88]. The most frequent bone sites are
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the skull (26%) and jaw (9%), followed by the long tubular
bones, pelvis, ribs, and the spine [89]. Clinical features
include chronic pain, such as back pain, and fatigue of
undetermined etiology. Bone scintigraphy may be a com-
plementary technique to the radiographic skeletal survey in
the assessment of bone involvement, but its sensitivity is
limited [90]. Noteworthy, [18F]JFDG PET/CT constitutes a
tool of value for the assessment of both bone and soft tissue
involvement (lung, lymphnodes, spleen, or liver) from
LCH [91]. This imaging modality can be implemented for
LCH diagnosis and treatment response considering that
patients with single lesions may respond well to local
treatment with an excellent survival, whereas patients with
multi-system disease require a more aggressive therapy
with a mortality rates that may reach 30 to 40% [92].

Perspectives
New PET/CT Tracers and New Parameters

Musculoskeletal neoplasms may present different biologi-
cal behaviors. [18F]FDG PET/CT constitutes an estab-
lished imaging modality for the assessment of
musculoskeletal tumors. However, [18F]FDG may present
some limitations especially for discriminating benign
lesions from soft tissue sarcomas. In this context, the
implementation of recent PET radiopharmaceuticals can
provide more specific details concerning the biology of
musculoskeletal tumors with focus on the tumor grade,
treatment monitoring and response [93].

Among the others, the radiolabeled aminoacid, L-3-
[18F]-6 a-methyltyrosine (18F-FAMT), can be used as the
marker of cell proliferation and of pathological microvessel
density within the tumors [94]. Moreover, in this setting a
potential imaging agent is the [methyl-11C] choline (11C-
choline). The 11C-choline uptake is increased in the
musculoskeletal neoplasms cells and it is proportional to
the rate of tumor duplication [95] whereas it is negligible in
normal bone and soft tissues. Interestingly, the 18F-fluoride
can be useful for the evolution of bone metastases and for
the estimation of skeletal tumor burden [96].

The proliferation marker [18F]fluorodeoxythymidine
(FLT) is available also for the imaging of malignant bone
and soft tissue tumors. In fact, FLT uptake correlated sig-
nificantly with the tumor grade, being it able to evaluate
musculoskeletal disease both in staging and treatment
response [97].

On PET images the uptake of [18F]galacto-RGD, a
biomarker of neoangiogenesis, correlates with the
alpha(v)beta3 expression, therefore this tracer might be
used for therapeutic targeted regimens with alpha(v)beta3
drugs [98].

Finally, apart from the implementation of new non-FDG
tracers, it would be necessary to consider the implemen-
tation of volume-based quantitative parameters in daily
clinical practice that unlike SUV ., are able to estimate
more specifically the tumor burden and to predict patients’
outcome and their survival [99, 100].

Conclusions

The metabolic evaluation of musculoskeletal lesions by
PET/CT, corroborated by bone scintigraphy when used, is
gaining full consideration in diagnosis, staging, therapy
assessment and prognostication, especially when combined
with morphological modalities such as CT and MRIL
Findings from PET/CT correlate well with tumor grading
and histopathology and they could be of value for imple-
menting therapeutic strategy. Moreover, the metabolic
assessment has been demonstrated useful for predicting
histologic response and patients’ outcome. This diagnostic
modality will provide in a brief delay unique metabolic
information due to the implementation in daily routine of
new tracers and volumetric parameters.
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